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Abstract 

Mechanical properties of composite materials and their final performance are strongly influenced by the structure and 
properties of the fiber-matrix interface. A balance between sufficient load transfer and fiber pullout properties helps 
improve the performance of the composite materials. In this research, we employed sulfuric acid treatment to enhance 
fiber pullout and debonding through decreasing the fiber-matrix interlock. Atomic force microscope and scanning 
electron microscopy were employed to investigate the surface morphology of both treated and untreated steel 
fibers. Our results indicate that surface treatment improves the fiber roughness and therefore hinders brittle failures 
of the epoxy fiber-reinforced composite materials. 
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Introduction 

Composite materials can provide a unique combination 
of electrical, mechanical, thermal, chemical, or bio¬ 
logical properties 1 with wide applications in the aero¬ 
space, automotive, and biomedical industries . 2-6 
Various categories of the matrices and the reinforce¬ 
ments are employed to construct composite materials 
with desired properties and functionality. Among these, 
epoxy polymers are one of the most commonly used 
matrices in many different categories of composite 
materials. Epoxy polymers have high chemical and 
heat resistance, good electrical properties, easy proces¬ 
sability, good-to-excellent mechanical properties, and 
low shrinkage upon cure . 7-10 

Reinforcements are either continuous or discon¬ 
tinuous and, depending on their aspect ratio, they 
can be categorized into particles, fibers, or sheets. 
Fiber-reinforced composites are categorized into two 
main groups, referred to as short fiber-reinforced 
composites and long fiber-reinforced composites. In 
comparison with the long fiber-reinforced composites, 
short fiber-reinforced composites can be fabricated 
into complex shapes using low-cost manufacturing 
methods, such as injection molding, compression 
molding, or extrusion at high production rates. 


Furthermore, variety in selection of the matrices 
with different thermal, mechanical, and chemical 
properties is another advantage of short fiber compos¬ 
ite materials over continuous fiber composite mater¬ 
ials . 11-14 In this research, we are focused on the 
ductile short fiber-reinforced epoxy-based composite 
materials. 

It is well established that in addition to the import¬ 
ance of size, loading, aspect ratio, dispersion state, and 
alignment of the reinforcements as well as physical and 
chemical properties of the matrices, the properties of 
polymer composites are influenced by the interface 
region between the reinforcements and the matri¬ 
ces . 13,15-17 Bonding between the fiber and the matrix 
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is influenced by different mechanisms. Adsorption, wet¬ 
ting, electrostatic attraction, chemical bonding, reac¬ 
tion bonding, and mechanical bonding are dominant 
mechanisms affecting the interface’s adhesion. The 
interface condition can be altered through modifying 
mechanical or chemical properties of the fiber’s sur¬ 
face. 18-22 Surface treatment and geometrical shaping 
were also used to exploit inherent fiber plasticity to 
improve toughness of composite materials. 22-28 
Geometrical shaping can be successfully employed to 
anchor the fiber into the matrix, which leads to a higher 
contribution of the fibers to the composite toughness. If 
fibers easily pull out of the matrix, their plastic work is 
not utilized to improve fracture toughness of the com¬ 
posite. Therefore, one might conclude that geometrical 
shape of the fiber is as important as the properties of 
the matrix. 29-31 Surface treatment, on the other hand, 
has been employed to improve interfacial adhesion or 
to make a surface-roughened fiber. 21,32,33 For example, 
addition of functional groups or using coupling agents 
such as silane can improve the interfacial adhesion 
between fiber and matrix while sulfuric acid treatment 
can produce a rougher surface. ’ - In addition, 
recent research has shown that surface treatment is an 
effective technique for changing the micro structure at 
the fiber-matrix interface in both laminate and fiber- 
reinforced composites, and can improve their final 
performance. 35 

Behavior of a crack in the interface, affected by the 
properties of the interface, plays an important role in 
the final performance of the composite material. When 
increasing tensile load in the direction of the fiber, a 
microcrack grows until it reaches the fiber-matrix inter¬ 
face. At this stage, there are at least three possible paths 
for a crack to grow. In case of poor interfacial bonding, 
a crack is deflected along the interface. Therefore, the 
fiber remains intact and only frictional force during the 
fiber pullout as well as debonding processes play a role 
in improving the fracture toughness of the composite. 
These mechanisms adversely affect the composites’ 
strength. However, if the interface is too strong, a 
crack penetrates the fiber, as it reaches the fiber, and 
does not propagate along the interface. As a result, 
before fiber debonding takes place, the fiber breaks 
and has no chance to develop plastic deformation and 
dissipate energy. On the contrary, a strong interfacial 
bonding can lead to an efficient load transfer and con¬ 
sequent increases in the strength of composite mater¬ 
ials. A strong interface usually acts against crack 
propagation and improves rigidity of the composite 
material. Nevertheless, optimum properties of the 
fiber-reinforced composites are believed to be achieved 
by a weak-to-moderate interfacial bonding or a 
deformable interphase and an efficient load transfer 
mechanism. 36 


Experimental and material 

Poly(bisphenol A-co-epichlorohydrin), glycidyl end- 
capped epoxy, w-butyl glycidyl ether, and cycloaliphatic 
poly amine were obtained from Aldrich, Germany. 
A-butyl glycidyl ether and poly amine have linear for¬ 
mulas of C 7 H 14 0 2 and H 2 NC 6 H 7 (CH 3 ) 3 CH 2 NH 2 , 
respectively. Carbon steel fibers were purchased from 
China National Building Materials Corporation, 
China. Sulfuric acid and acetone were purchased from 
Merck, Germany. To prepare the polymer mixture, 
90wt% of poly(bisphenol A-co-epichlorohydrin) was 
mixed with 10wt% of cycloaliphatic poly amine to 
reduce the viscosity. Then, approximately 23wt% of 
the catalyst was added to the epoxy polymer mixture 
for the proper curing of the matrix. Material properties 
are shown in Table 1. According to XRD analysis, 
carbon steel fibers contain 0.05 wt% C, 0.18 wt% Si, 
0.44 wt% Mn, 0.031 wt% P, 0.028 wt% S, 0.04 wt% 
Cr, 0.003 wt% Al, 0.02 wt% Cu, and 0.02 wt% Ni. 

In this research, the pullout force was measured 
using single fiber pullout test with the fiber’s embedded 
length of 7.5 mm for both treated and untreated fibers. 
To perform tensile tests all composite samples were 
reinforced with 16wt % of the zigzag shaped treated 
or untreated fibers. Tensile specimens shape is shown in 
Figure 1, which is according to ASTM D638-02, Type 
I. A minimum of five tests was performed for both ten¬ 
sile and pullout tests. To remove the air bubbles from 


Table I. Materials’ properties. 


^^\^Mate rials 



Properties 

Fiber 

Matrix 

Young’s modulus (GPa) 

135.80 

2.05 

Poisson’s ratio 

0.28 

0.30 

Diameter (mm) 

0.5 

- 

Volume fraction 

0.03% 

0.97% 

Weight fraction 

16% 

84% 
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Figure I . Schematic of the composite samples used for the 
tensile tests; shape and dimensions are according to ASTM 
D638-02, Specimen Type I. 
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the epoxy matrix, resin mixture was centrifuged after 
the resin was mixed with the curing agent. All samples 
were cured at room temperature for the total time of 
48 h. Selection of room temperature in this research 
should not be interpreted as the ideal temperature to 
improve the adhesion between fiber and matrix. To find 
the best adhesion between fiber and matrix one might 
consider to study the effect of temperature on interface 
properties. 37 The strength of composite samples was 
measured using a Zwick 1446-60 tensile tester with 
lOkN load cell at a crosshead speed of 5mm/min. 

To prepare the composite samples for tensile test, 
initially a negative mold was cut using Teflon material. 
Then, a silicon rubber mold was made from the Teflon 
mold. After mixing the proper ratio of the resin and the 
curing agent, half of the required mixture was poured in 
the silicon mold and cured for 24 h. In the next step, 
reinforcing fibers as well as the remainder of the resin 
mixture were added to the mold. Another 24 h of curing 
was required before samples could be removed from the 
mold. After composite samples were removed from the 
mold, dimensions of each sample were measured using 
a micrometer. 

For the surface modification, a sulfuric acid etching 
technique was used. Treatment was carried out for sul¬ 
furic acid with different concentrations (i.e. 5, 10, 20, 
and 40wt%) and according to atomic force microscope 
(AFM) results 10wt% was the optimal concentration 
of sulfuric acid. RMS surface roughness of the fibers 
after treatment with 5, 10, 20, and 40 wt% sulfuric acid 
are 145, 343, 67.3, and 99.8 nm, respectively. All the 
fibers were treated by immersing in sulfuric acid solu¬ 
tion for 5 min and were immediately rinsed with NaOH 
solution, to prevent rusting, and finally were dried 
using compressed air. 

Results and discussion 

Although transverse properties of the composite mater¬ 
ials significantly depend on the tensile strength of the 
interface, having a strong interface is not always 


favorable. Strong interfaces result in penetration of 
the cracks into the fiber and consequent brittle fracture. 
On the other hand, a composite material with a mod¬ 
erate-strength interface can provide sufficient load 
transfer to the fibers while prohibiting brittle fracture 
of the composite. Toughness of composite materials is 
affected by different failure mechanisms such as matrix 
fracture, fiber fracture, fiber-matrix interface debond¬ 
ing, postdebonding friction, stress redistribution, fiber 
pullout, crack deflection, and microcracking. 
Contribution of each of the previously mentioned 
mechanisms on the final composite fracture toughness 
is defined by the relative strength of the interface to 
the strength of the reinforcing fibers and matrix. 
A moderate-strength interface is required for most of 
the previously mentioned mechanisms to take 
place. 21 ’ 29 ’ 32 ’ 38 

Results of the tensile test on our composite samples 
reinforced with untreated fibers reveal very brittle frac¬ 
tures, with crack penetration into the fibers being the 
dominant mechanism in the interface. To avoid pene¬ 
tration of the cracks into the fibers, which enhances the 
composite fracture toughness, we employed an etching 
technique to modify the fiber’s roughness and 
consequently alter the behavior of the crack in the 
fiber-matrix interface. Applications of sulfuric acid 
treatment, as an etching technique, on the rough 
surface of the fibers resulted in a decrease of surface 
roughness. Such a decrease in the roughness is due to 
higher rate of corrosion at the area with higher surface 
energy on the rough surface of the fibers. 

As shown in the scanning electron microscopy 
(SEM) and AFM graphs of the fibers (see Figures 2 
and 3), the surface of untreated fibers has rougher fea¬ 
tures than those of acid-treated fibers. Therefore, 
micromechanical interlocking between fibers and 
matrix is not as strong in the treated fiber-reinforced 
composites compared to the untreated ones and results 
in reduction in fiber-matrix interface strength. 

To investigate the effects of surface modification on 
the strength of the interface, pullout tests as well as 



Figure 2. SEM picture of (a) untreated fibers and (b) acid-treated fibers. 
SEM: scanning electron microscopy. 
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tensile tests were carried out for both treated and 
untreated fibers (shown in Figure 4). From the pullout 
test, it is clear that treated fibers require less force in 
order to be pulled out of the matrix. That is a direct 
consequence of weaker interlocking between the fiber 
and matrix due to the changes in surface micro structure 
after acid treatment. Figure 4(b) and Table 2 show per¬ 
formance and mechanical properties of the composite 
reinforced with untreated and treated fiber, respectively. 
Sulfuric acid treatment results in a significant increase in 
fracture toughness of the composite (124%) samples; 
however, the strength of the samples decreases 11%. 

Reported fracture toughnesses are the sum of the 
fracture toughness before and after the point of max¬ 
imum applied load. Here we refer to the possible mech¬ 
anisms contributing to the overall improvement in the 



Figure 3. AFM profile of untreated and sulfuric acid treated 
fibers; concentration of sulfuric acid is I0wt%. 

AFM: atomic force microscope. 


total toughness when samples are reinforced with trea¬ 
ted fibers. Comparison between treated and untreated 
fiber-reinforced composites reveals that resistance 
against the growth of a crack through the interface 
decreases upon treatment of the fibers. Therefore, 
when treated fibers are used for reinforcing composites, 
distributions of cracks in the matrix, as well as along 
the interface, are more dominant than crack penetra¬ 
tion in the fibers. As a crack deflects along the interface, 
interfacial debonding and frictional sliding are more 
likely to happen, which results in enhancing the fracture 
toughness of the composite samples. Crack deflection 
along the interface creates more fracture surface area 
which can improve composites’ fracture toughness, as a 
result of specific energies absorbed during creation of 
the new surfaces (see Figure 5(a) and (b)). The energy 
dissipated when steel fibers lose their zigzag shape 
during the pullout process is another mechanism that 
possibly contributes in improving fracture toughness of 
the composite samples (see Figure 5(c)). Moderate 
strength of the interface in the treated fiber-reinforced 
composite provides sufficient load transfer to the fibers 
and also results in the fracture of some of the fibers (see 


Table 2. Young’s modulus, fracture toughness, and strength of 
composites reinforced with untreated and treated waved fibers. 


Properties 

Young’s 

modulus 

Fracture 

toughness 

Strength 

Specifications 

^ (GPa) 

(kj/m) 

(MPa) 

Treated fiber 

3.4 

43.59 

19.21 

Untreated fiber 

3.4 

19.41 

21.61 



Displacement (mm) Elongation (mm) 

Figure 4. (a) Pullout test for treated and untreated fiber-reinforced composite samples, embedment depth of fibers is 7.5 mm. 
(b) Load-elongation behavior of treated and untreated waved fiber-reinforced composite under tensile test. 
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Figure 5). Therefore, fibers’ ductility can contribute to 
improve the final ductility of these composite samples. 
However, to quantify the contribution of fibers’ ductil¬ 
ity as well as change in the fiber’s shape on the overall 
composite toughness more experiments are required. 

In the untreated fiber composites, fibers fracture due 
to crack penetration is the most dominant mechanism 
contributing to composite toughening (see Figure 5(d)) 
but fiber fracture does not provide high damage toler¬ 
ance. Force-elongation behavior of treated and 
untreated fiber-reinforced composite (Figure 4(b)) 


(a) 



confirms penetration of the cracks into fibers when 
the fibers are not treated. 

SEM image (shown in Figure 6) of the fiber-matrix 
interface reveals that after fiber treatment, cohesive and 
interfacial bond failure are more dominant in the inter¬ 
face. 33 According to the SEM of the treated fiber, after 
the composite is fractured (Figure 6(a)), crack deflec¬ 
tion in the interface left some fragments of the matrix 
on the fiber’s surface. These fragments, together with 
the zigzag shape of the fibers, act as anchors which 
restrict the debonded fibers from pulling out of the 


(b) 



Figure 5. Crack behavior in treated (a), (b), and (c) and untreated (d) fiber-reinforced composite samples, (a) and (b) clearly show 
the propagation of the crack in the interface while (c) presents how fibers lose their zigzag shape during the fracture, (d) shows the 
penetration of the crack in the fibers which lead to fibers breakage rather than pullout. 



Figure 6. SEM micrograph of interface in the treated fiber composites after fracture, (a) When a crack deflects and (b) when a crack 
deflects at interface initially and finally penetrates the fiber. 

SEM: scanning electron microscopy. 
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matrix and results in increases in postdebonding fric¬ 
tion work. 

Conclusion 

In this work, sulfuric acid treatment is employed as an 
etching technique to reduce the surface roughness of 
the steel fibers. Due to high surface roughness, 
untreated fibers have strong interlocking with the 
matrix which resulted in brittle fracture of the compos¬ 
ite samples. Epoxy polymer reinforced with modified 
fibers provided us with a moderate strength interface. 
Producing moderate strength interfaces between the 
fiber and matrix results in toughness improvement 
while we have sufficient load transfer to the fibers. 
Toughness improved as a result of crack propagation 
at the interface, fiber pullout, postdebonding friction 
work, as well as fiber elongation. However, to make a 
broad conclusion about the effect of the surface treat¬ 
ment on mechanical properties of the composite, such 
treatment should be examined with different zigzag 
angles as well as curing temperatures. 
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